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X-linked isolated lissencephaly sequence and subcortical band heterotopia are allelic human disorders associated with mutations
of doublecortin (DCX), giving both familial and sporadic forms. DCX encodes a microtubule-associated protein involved in
neuronal migration during brain development. Structural data show that mutations can fall either in surface residues, likely to
impair partner interactions, or in buried residues, likely to impair protein stability. Despite the progress in understanding the
molecular basis of these disorders, the prognosis value of the location and impact of individual DCX mutations has largely
remained unclear. To clarify this point, we investigated a cohort of 180 patients who were referred with the agyria—pachygyria
subcortical band heterotopia spectrum. DCX mutations were identified in 136 individuals. Analysis of the parents’ DNA revealed
the de novo occurrence of DCX mutations in 76 cases [62 of 70 females screened (88.5%) and 14 of 60 males screened (23%)],
whereas in the remaining cases, mutations were inherited from asymptomatic (n = 14) or symptomatic mothers (n =11). This
represents 100% of families screened. Female patients with DCX mutation demonstrated three degrees of clinical-radiological
severity: a severe form with a thick band (n = 54), a milder form (n = 24) with either an anterior thin or an intermediate thickness
band and asymptomatic carrier females (n=14) with normal magnetic resonance imaging results. A higher proportion of
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nonsense and frameshift mutations were identified in patients with de novo mutations. An analysis of predicted effects of
missense mutations showed that those destabilizing the structure of the protein were often associated with more severe
phenotypes. We identified several severe- and mild-effect mutations affecting surface residues and observed that the substituted
amino acid is also critical in determining severity. Recurrent mutations representing 34.5% of all DCX mutations often lead to
similar phenotypes, for example, either severe in sporadic subcortical band heterotopia owing to Arg186 mutations or milder in
familial cases owing to Arg196 mutations. Taken as a whole, these observations demonstrate that DCX-related disorders are
clinically heterogeneous, with severe sporadic and milder familial subcortical band heterotopia, each associated with specific
DCX mutations. There is a clear influence of the individual mutated residue and the substituted amino acid in determining

phenotype severity.
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Abbreviation: SBH = subcortical band heterotopia

Introduction

Genetically inherited disorders of neuronal migration represent im-
portant causes of epilepsy and intellectual disability. Subcortical
band heterotopia (SBH), also known as ‘double cortex’ syndrome,
is a neuronal migration disorder characterized by ribbons of grey
matter within the central white matter between the cortex and the
ventricular surface. The gyral pattern ranges from normal to sim-
plified, with broad convolutions, and cortical thickness is often
increased (Barkovich et al., 1994; Dobyns et al., 1996).
Together, SBH and lissencephaly comprise a spectrum of malfor-
mations associated with deficient neuronal migration that are
caused by alterations in at least three genes: LIST (also known
as PAFAH1B1) (Reiner et al., 1993; Lo Nigro et al., 1997), DCX
(des Portes et al., 1998a; Gleeson et al., 1998) and alpha 1 tubulin
(also known as TUBATA) (Keays et al., 2007; Poirier et al., 2007).
Mutations in other tubulin genes (TUBB2B, TUBA8 and TUBB3)
were also reported in malformations of cortical development, usu-
ally polymicrogyria with microcephaly (Abdollahi et al., 2009;
Jaglin et al., 2009; Poirier et al., 2010; Tischfield et al., 2010).

Patients with SBH have a variable clinical course ranging from
mildly to severely impaired. The brain malformation is often re-
vealed by onset of seizures within the first decade. These usually
evolve to refractory and multifocal epilepsy. Neurological examin-
ation is normal in most cases, but hypotonia, poor fine motor
control and behavioural disturbances may be present (Barkovich
et al., 1989, 1994). Clinical severity varies with the cortical
abnormalities, the band thickness and the degree of ventricular
enlargement (Palmini et al.,, 1991; Barkovich et al., 1994).
Patients with correlated pachygyria, thicker heterotopic bands,
and severe ventricular enlargement have worse prognoses for neu-
romotor development. Additionally, they have earlier seizure onset
and develop symptomatic generalized epilepsy that resembles
Lennox—Gastaut syndrome. Additionally, periventricular and sub-
cortical white matter T, hypersignals are correlated with delayed
motor development (Barkovich et al., 1994).

Most cases with SBH are females, and at least 100 SBH cases
have been previously reported (des Portes et al., 1998a, b;
Gleeson et al., 1998, 1999a, 2000a; Pilz et al., 1998; Dobyns
et al., 1999; Aigner et al., 2000, 2003; Demelas et al., 2001;
Matsumoto et al., 2001; Poolos et al., 2002; Guerrini et al.,

2003; Mei et al., 2007; Haverfield et al., 2009). Although most
patients are sporadic, a syndrome of familial SBH with X-linked
inheritance has been described in which the majority of females
have SBH and affected males usually present isolated lissencephaly
with more severe abnormalities over anterior brain regions (Pilz
et al., 1998; Dobyns et al., 1999; Gleeson et al., 2000a). DCX
mutations cause SBH in heterozygous carrier females and lissence-
phaly in hemizygous males (des Portes et al., 1998a; Gleeson et al.,
1998; Pilz et al., 1998), although rare males with SBH and mosaic
DCX mutations have been reported (Pilz et al., 1999; Guerrini et al.,
2003). DCX mutations have been found in all familial cases and
in 53% (Gleeson et al., 2000) to 84% (Matsumoto et al., 2001)
of patients with SBH. The frequency of mutations in the most
common forms of sporadic SBH is ~80% of cases (Matsumoto
et al., 2001). Recently, large genomic deletions and duplications
were also found to account for a proportion of unexplained cases
(Mei et al., 2007; Haverfield et al., 2009).

The DCX protein is the best described member of a family of
neuronal microtubule-associated proteins that are involved in cell
division and/or cell migration (Gleeson et al., 1998). DCX is ex-
pressed in migrating and differentiating neurons; it is centrally
involved in organizing the microtubule cytoskeleton, and this func-
tion is essential for neuronal migration (Francis et al., 1999;
Gleeson et al., 1999b; Kappeler et al., 2006; Koizumi et al.,
2006). The DCX microtubule binding domain is made up of two
DC (doublecortin-homology) domains, namely an N-terminal
(N-DC; amino acids 46-139) and a C-terminal (C-DC; amino
acids 173-263) domain. Lissencephaly-causing missense mutations
mainly cluster within these tandem DC domains, supporting the
significance of microtubule binding for DCX function (Sapir et al.,
2000; Taylor et al., 2000). In contrast, nonsense mutations occur
randomly throughout the protein. The N-DC domain can directly
bind to microtubules (Kim et al., 2003), whereas the C-DC
domain has also been implicated in binding free tubulin and
other cellular partners (Caspi et al., 2000; Kizhatil et al., 2002;
Tsukada et al., 2003; Friocourt et al., 2005). DCX binds at an
unusual site on the microtubule lattice (Moores et al., 2004,
2006). This confers specificity for microtubule architecture so
that DCX preferentially nucleates and stabilizes 13-protofilament
microtubules, the in vivo microtubule architecture (Tilney et al.,
1973).
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The availabilities of the 3D structure of N-DC of DCX (Kim
et al., 2003) and C-DC of DCDC2 (2DNF.PDB in the protein
databank) and a subnanometer-resolution structure of DCX inter-
acting with microtubules (Fourniol et al., 2010) has allowed us to
predict the impact of disease-causing point mutations on DCX
function. Mutations in buried sites are likely to lead to a loss or
a reduction in stability, while mutation of surface residues can
influence interactions with microtubules or other binding partners.
Although a small number of mutations were previously evaluated
structurally (Kim et al., 2003), here we have analysed DCX mu-
tations from a unique and large European cohort of 136 patients,
including 25 families. Overall, we present data for 93 females with
SBH and compare these with the corresponding features in 43
males. To better define the phenotypic spectrum, brain MRI and
the clinical phenotype of patients were characterized. Using
clinical, imaging molecular and structural data in combination
with X-inactivation studies where possible, we provide new in-
sights into genotype—phenotype correlations for the DCX-related
lissencephaly spectrum.

Materials and methods

Patients selection

As part of our ongoing lissencephaly and cortical malformation collec-
tion, 180 patients with agyria—pachygyria-SBH spectrum were referred
to our laboratory for molecular screening (APHP-Cochin Hospital). This
cohort included 70 females with sporadic SBH, 46 patients from 18
families (with either two brothers with lissencephaly, two sisters with
SBH or affected mothers with SBH and a son with lissencephaly, or
foetal male cases with lissencephaly) and 60 males with sporadic lis-
sencephaly. Patients included were from 20 centres in France, Israel
and Switzerland. All patients were known personally to at least one of
the authors.

Mutation analysis

Clinical data and blood samples were obtained with informed consent
from patients, and DNA was extracted using a standard protocol.
Mutation analysis of the coding sequence of DCX (RefSeq
NM_00119553) and LIST was performed in all patients as described
previously (des Portes et al., 1998a). DNA samples of the parents were
screened in all cases. Mutation detection was performed by direct
sequencing of genomic DNA, and if negative, by multiplex
ligation-dependent probe amplification (MLPA) analysis combined
with single multiplex semi-quantitative fluorescent PCR analysis to val-
idate MLPA findings as described previously (Mei et al., 2007). The
investigators were unaware of the mutation detected at the time of
initial review of the neuroimaging data. The mutations for pedigrees 9,
11 and 15 have been reported previously, and the patients were re-
evaluated for this study and were referred to as Families 1, 3 and 2,
respectively (des Portes et al., 1998a, b). Mutations for sporadic pa-
tients DCX_SBH_46, DCX_SBH_82, DCX_SBH_83 and DCX_SBH_86
were also described previously and referred to as Cases O.D, J.A,
B.T and M.L, respectively (des Portes et al., 1998b).

X-inactivation studies were performed using the androgen receptor—
specific Hpall/PCR assay, described elsewhere, to assess X-inactivation
patterns (Collins and Jukes, 1994; Monteiro et al., 1998). X-
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inactivation patterns were classified as random (ratio 50:50 < 75:25)
or skewed (ratio > 75:25).

Clinical review

Detailed information regarding family history, pre- and perinatal
events, age of seizure onset, psychomotor development, cognitive
function and neurological examination was collected. Protocols were
approved by the appropriate institutional review board committee.

A revised terminology was used for classification of seizures and
epileptic syndromes (Berg et al., 2010). Levels of cognitive function
were graded based on available clinical information. When 1Q had not
been tested, cognitive function was estimated by using adaptive be-
havioural criteria.

Brain imaging studies

Magnetic resonance images were available for all patients, were re-
viewed independently by two of the authors (N.B. and N.B.B.) and
classified using previously developed rating scales that were further
modified for this study (Dobyns et al., 1999). Magnetic resonance
images were analysed for the degree of pachygyria (number of gyri
and depth of sulci), location of the band and the presence of other
brain anomalies. For statistical analyses, lissencephaly was graded ac-
cording to the following patterning scale, referred to as the Dobyns
lissencephaly grade (LIS grade). Grades 1-6 denote the overall severity
as seen on neuroimaging, with LIS grade 1 being the most severe
(complete agyria) and LIS grade 6 being the least severe (SBH).
Bands were graded as previously described (Barkovich et al., 1994).
Band thickness was graded 1 (<4 mm at the thickest point), 2 (4-
7mm), 3 (8-10mm) or 4 (>12mm). Sulcal pattern was graded from
normal to overt pachygyria, and additional abnormalities were also
recorded.

Volumetric analysis

Structural MRIs of patients with SBH were segmented into grey
matter, white matter and CSF maps using Statistical Parametric
Mapping (SPM8, http://www fil.ion.ucl.ac.uk/spm/software/spm8/)
and VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/). Grey
matter probability maps were multiplied by the SPM white matter
prior map to give more weight to the grey matter present in the
subcortical band. These SBH-weighted maps were thresholded to a
height threshold of 50% and an extent threshold of 4cm?. Total
grey matter and subcortical band volumes were then computed for
each patient from the entire grey matter map and the thresholded
SBH-weighted map, respectively.

Statistical analysis

Age differences between different groups were analysed using the
Kruskal-Wallis rank sum test. Differences in neurological symptoms,
cognitive function, behavioural disturbances, imaging characteristics
of the SBH and presence of additional brain abnormalities were ana-
lysed using x? square test or Fisher's exact test, as appropriate.

Structural analysis

Atomic structures were visualized and docked into the subnanometre-
resolution cryo-electron microscopy reconstruction of the DCX-micro-
tubule interface using UCSF Chimera (Pettersen et al., 2004). To build
the potential C-DC-microtubule interface, a homology model of DCX
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C-DC (residues 179-263) was generated with MODELLER (Sali and
Blundell, 1993) based on the atomic structure of the DCDC2 C-DC
domain (2DNF.PDB; 32% sequence identity with DCX C-DC). Missing
residues forming the linker N-terminal to C-DC (residues 174-178)
were modelled and moved manually into the cryo-electron microscopy
reconstruction using UCSF Chimera.

Results
DCX mutations

As part of our ongoing diagnosis of patients and families with the
lissencephaly—SBH spectrum, DCX mutations were identified in 62
of 70 females with sporadic SBH (88.5%), in 46 patients from 18
families with lissencephaly—SBH (representing all familial cases) and
in 21 of 60 males with the apparently sporadic lissencephaly con-
dition (35%), although seven were subsequently found to have
inherited DCX mutations from asymptomatic female carrier
mothers and were subsequently considered as ‘familial cases'.

Distinct mutations were found in females and males (Figs 1
and 2). Among the 83 apparently sporadic cases with DCX mu-
tations, analysis of the parents’ DNA revealed the de novo occur-
rence of mutations in 76 cases (62 females and 14 males).
Fifty-nine different DCX mutations were identified de novo; of
these, 24 were novel, and 14 were detected several times in un-
related patients (Tables 1 and 2).

Forty-five different DCX mutations were found in 62 females
with sporadic SBH; there were either missense (26/45; 58%), non-
sense (7/45; 15.6%), frameshift (8/45; 17.8%) with insertion or
deletion of one or two base pairs leading to premature protein
termination, splice site mutations (3/45; 6.7%) or deletion of exon
1-2 (1/45; 2.2%). Most missense mutations (24/26; 92.3%) were
distributed between N-DC (13/24; 54.2%) and C-DC (11/24;
45.8%) (Fig. 1 and Table 1). Two additional missense mutations
fell in the linkers p.A33P in the N-terminal linker upstream of
N-DC, and p.V177G in the N-DC-C-DC interdomain linker.
Interestingly, several recurrent mutations defining potential hot
spots were found, the most frequent being mutations affecting
Arg186 (p.R186C, p.R186H or p.R186L) observed in 13 females
(20.9%) (Fig. 1). Other recurrent missense (p.R78C, p.R78H,
p.R78L or p.R192W) or nonsense (p.R39X or p.R303X) mutations
were found in 2-3 cases each. Altogether, these hot spot muta-
tions represent 38.7% of de novo DCX SBH mutations. Males
with true sporadic lissencephaly carried 14 different de novo
DCX mutations, that were never found in sporadic females with
SBH or inherited SBH/LIS conditions (13/14), except for one splice
mutation (c.705+1 G>A) that was also identified in one female
(Figs 1 and 2, Table 2). Most were missense mutations (8/13),
clustered in C-DC (5/8) and in N-DC (3/8). Others were frame-
shift in one case (c.403_404delAA p.K135fsX164) and an in-frame
insertion—deletion (c.560_568del8insSTGGTTACCATCATC) in the
C-DC domain in another. Finally, three additional patients har-
boured mosaic mutations: nonsense mutations in the N-
(p.R19X) and C- (p.R303X) terminal linkers and a deletion encom-
passing DCX exon 6, respectively.

Twenty inherited DCX mutations were identified in 60 individ-
uals from 25 families (see Supplementary Fig. 1 and Figs 1 and 2).
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These comprised 11 families (25 individuals, 15 females and 10
males) in whom the mother presented with SBH and seven
families (21 individuals, 9 females and 12 males) in whom the
mother was asymptomatic with either two affected sons (n=5)
or two female cousins (n=1), or two brothers whose mother's
DNA and clinical data were not available (n=1). The remaining
seven families (14 individuals, 7 females and 7 males) were initially
referred for sporadic lissencephaly in males, and the asymptomatic
mother was subsequently diagnosed with a DCX mutation. Most
carried missense mutations (n = 16) with two recurrent mutations
affecting Asp62 and Arg196. Missense mutations were located
either in the N terminal or the interdomain linker (4/16), in
N-DC (4/16) or in C-DC (8/16). The remaining were nonsense
(p.R272X), or affecting the first methionine of DCX (c.2T>C;
pMet1?), or converting the stop codon into a Phe residue, leading
to 48 extra amino acids (c.1144T > A; p.X361PheX48), or an in-
frame deletion of exons 3 and 4, and a duplication of exons 4-7
(Table 1 and Supplementary Table 1, Supplementary Fig. 1).

Notably, the majority of mutations identified in asymptomatic
mothers were different from those detected in sporadic SBH and
more interestingly in symptomatic mothers. Moreover, we identi-
fied a recurrent mutation located in Arg196 (p.R196C, p.R196H)
found in four asymptomatic carrier females and their sons (n = 5),
representing 4 of 14 inherited mutations with asymptomatic
mothers (Figs 1 and 2). Finally, in 10 female carriers, we had
the opportunity to screen for DCX mutations in grandmothers.
Notably, 9 of 10 female carriers (including two symptomatic and
seven asymptomatic patients) harboured de novo mutations. Only
one asymptomatic mother carried a mutation (p.T42P) inherited
from her asymptomatic mother. One of two asymptomatic
female carriers carrying the mutation p.DON showed skewed
X-inactivation but had a daughter without neurological symptoms
and without any bias, suggesting that this mutation also has a mild
effect on DCX function.

The patients for whom DCX screening was negative were tested
for LIST mutations. Of these, two females and two males were
found with mosaic L/ST mutations and were therefore not
included here.

Skewed X-inactivation (>75%) was found in 6 of 16 tested
female carriers (three symptomatic and three asymptomatic) com-
pared with 6 of 38 tested patients with sporadic SBH (P = 0.15).
While the majority of DCX mutations are different between pa-
tients with de novo and inherited mutations, two mutations (i.e.
p.R272X and p.R192W) were found in both groups (des Portes
et al., 1998a, b). For both mutations, skewed inactivation ac-
counts for the clinical variability. Also of note are p.Y125H
(inherited) and p.Y125D (de novo) mutations because although
both were associated with severe phenotypes in children, neither
clinical nor X-inactivation data were available to explain a pre-
sumed milder phenotype in the transmitting female.

Clinical and radiological presentation
of patients with subcortical band
heterotopia and outcome

The SBH cohort comprised 62 females with de novo mutations
and 16 cases with inherited mutations (10 symptomatic female
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carriers and six daughters) (Supplementary Tables 1 and 2). Of
note, the symptomatic carriers showed minor neurological signs in
all cases and were diagnosed with SBH during pregnancy (n = 3)
or when their son(s) were diagnosed with lissencephaly. Fourteen
other mothers with DCX mutations were asymptomatic, that is, no
history of epilepsy, normal neurological development and normal
MRI (n=13) and one carrier female for whom no data were
available.

In female patients with SBH, presenting symptoms were epilep-
tic seizures (47%), including infantile spasms or developmental
delay (16.6%). At last evaluation, all patients with SBH except
two had intellectual disability assessed to be moderate to severe.
Impairments included abnormal language development and use
(67.1%) and moderate to severe behavioural disturbances
(59.7%). The latter mainly consisted of hyperkinetic movements,
crying and automutilation, and occasionally, autistic features with
perseveration, echolalic language and stereotypical behaviour. A
significant proportion of patients displayed an abnormal neuro-
logical examination, usually truncal hypotonia or spasticity (29%)
and microcephaly (15.6%). Seizure disorders were present in
84.9% patients, where seizures started mainly in infancy
(34.5%) or during childhood (45%). At onset and at last evalu-
ation, most cases with SBH had either polymorphic seizures with a
combination of atonic and tonic seizures, atypical absences and/or
epileptic spasms or focal seizures. Classifying these patients by
epileptic syndrome, we identified 31 patients presenting with
Lennox—Gastaut syndrome, 10 with focal epilepsy, and 17 with
generalized epilepsy. Seizure control is highly variable, with a high
proportion of drug resistance (78.3%) (Supplementary Tables 1
and 2).

Brain MRI was performed in all patients (summarized in Table 1
and Supplementary Table 2) at a mean age of 14.5 years (median:
8 years, ranging from 6 months to 60 years). Brain MRI revealed
two major groups. First was the most severe form with a thick
(>8mm) continuous band around the entire brain (SBH grade
3-4) (Fig. 3) (n=42). Close to this SBH pattern is a pattern sug-
gestive of lissencephaly on Tq-weighted images with increased
cortical thickness and poor differentiation of the cortex and under-
lying white matter and thick heterotopic bands on T,-weighted
images (Fig. 4); this latter pattern was identified in 12 children
aged <2 years for whom MRI data were already available be-
cause of early-onset epilepsy. A second milder form with a thin
band (SBH grade 1-2; 4-7mm) was identified either only present
in the frontal lobe or restricted to the frontal and temporal lobes
with intermediate thickness. This pattern was observed either in
symptomatic female carriers (13/25; 52%) or sporadic patients
(11/61; 18%).

Brain abnormalities observed in SBH are mostly prominent in
cortical structures. Considering the corpus callosum abnormalities
that were identified, these included a dysmorphic (n =24) or thin
corpus callosum (n = 6), and one case of posterior corpus callosum
agenesis. No significant white matter abnormalities were noted.
Cerebellar abnormalities are also variable and comprised mild ver-
mian hypoplasia in three cases. Dilatation of the fourth ventricles
without pontocerebellar abnormalities was noted in 14 cases.
Finally, the occurrence of microcephaly was 15.6%.
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Quantitative volumetric analysis of the cortex and the hetero-
topic bands was performed in eight patients for whom the reso-
lution of the images and 3D T,-weighted sequences were available
(Supplementary Fig. 2). Although data are preliminary due to the
small number of cases analysed, the ratio of the subcortical band
volumes in patients with SBH grade 1-2 ranged from 5.67 to
9.26% of the total grey matter volume, while in those with
more severe SBH grade 3-4, the ratio ranged from 12.21 to
27.2%, confirming the 2D evaluation of the thickness of the band.

To determine whether MRI can contribute to the prediction of
the history and clinical outcome of patients with SBH, we com-
pared the severity of intellectual disability, behavioural disturb-
ances and epilepsy with band thickness and the degree of
cortical abnormalities (Table 3). Two groups could be defined ac-
cording to band thickness. Patients with diffuse thick bands with
anterior predominance (n = 54) showed significantly more shallow
or very shallow sulci in frontal regions (P < 0.001), moderate to
severe ventricular enlargement (P < 0.001) and prominent peri-
vascular spaces in subcortical or periventricular regions or both
(P < 0.001). Clinical presentation is also determined by band
thickness, with a higher proportion of epileptic encephalopathy
at onset (68.6%) or developmental delay (31.4%) (P < 0.001)
in patients with a thicker band. At last evaluation, most patients
with a thicker band were severely intellectually impaired
(P < 0.001), with only two patients having age-appropriate lan-
guage, while most had either no words or poor verbal skills (84 %)
(P < 0.001). Moreover, they showed a higher proportion of severe
behavioural disturbances (77.8%) (P < 0.001). At the other end of
the spectrum, patients with thin SBH (15.2%) displayed a normal
cortical aspect or slightly shallow sulci, with no ventriculomegaly.
None demonstrated intellectual disability or severe behavioural dis-
turbances. Seizure occurrence was not determined by band thick-
ness since most patients with thicker bands (82%) show epilepsy
of the Lennox—Gastaut syndrome type (55.3%). Similarly, 91.3%
of patients with thin bands have epilepsy, with a large propor-
tion of Lennox-Gastaut syndrome (50%). However, most patients
with thicker bands started experiencing seizures early in infancy
(with a median age of onset of 2.2 years) compared with those
with a thinner band (median age of seizure onset: 10 years,
P =0.0002). Female carriers with normal MRI (n = 14) without a
visible band were clinically normal and demonstrated neither
neurological symptoms nor epileptic seizures. These data outline
the importance of band thickness in the determination of the
neurological prognosis of patients with SBH.

Clinical and radiological presentations
of male patients with DCX mutations

Our previous data suggested that sporadic males with de novo
DCX mutations have a more severe presentation, but the trend
did not reach statistical significance. To improve statistical power,
we added four new males with inherited mutations and five with
de novo mutations to the patients described in the previous study
(Leger et al., 2008). Altogether, 43 male patients with lissence-
phaly were evaluated, including 29 with inherited mutations and
14 with de novo mutations (see Table 2 and Supplementary
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Figure 3 Variable extent and thickness of band in cases with sporadic SBH. Representative MRI scans in patients with either a thick
continuous band around the entire brain (grade 3-4) (A, B, E and F) or a thinner band only present in the frontal lobe (G) or restricted to
the frontal and temporal lobe with intermediate thickness (grade 2) (C). Thick and continuous band around the entire brain in two patients
aged 2 years and 11 months (A) and 3 years and 6 months (E), respectively. The bands appear to fuse with the outer cortex in the frontal
regions. Intermediate diffuse SBH in two patients aged 15 (B) and 16 years (F). Thin band only present in the frontal lobe (G) or restricted
to the frontal and the temporal lobe (C) in two patients aged 24 years and 11 years. D and H are from control patients aged 3 and 15
years, respectively.

Figure 4 Representative axial MRI in young children aged 7 months (A and E), 14 months (B and F) and 17 months (C and G). T4-
weighted images show poor differentiation of the cortex and underlying white matter, with an aspect reminiscent of diffuse pachygyria (in
younger child, A), or frontoparietal pachygyria combined with band heterotopia in posterior regions (in patients >1 year of age, B and C).
At the same level, on T,-weighted images, the band is visible (E, F and G). Control MRI: T;-weighted image (D) and T,-weighted image
(H) in a normal 15-month-old female.
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Table 2). We now confirm that male patients with de novo DCX
mutations tend to have more severe neurological presentation,
including a higher proportion of seizures at onset and more fre-
quently diffuse agyria. De novo mosaic mutations (3/14) gave a
milder phenotype with anterior pachygyria and SBH (LIS grade 6)
(Dobyns and Truwit, 1995). Cases with lissencephaly with in-
herited mutations showed a more homogeneous phenotype with
anterior agyria or pachygyria (LIS grade 3—-4 86.4%) (Fig. 5) and
developmental delay at onset (Table 4). Interestingly, similarly to
females with either thin or thick SBH, no differences in seizure
occurrence and response to antiepileptic drugs were found be-
tween the groups, suggesting that the epileptogenicity is not
strictly related to the degree of agyria—pachygyria.

Genotype—phenotype correlations

To gain further insight into the relationship between mutation
type and phenotype, we compared the characteristics of DCX mu-
tations among the cohort of patients with SBH (Tables 1 and 3).

Firstly, it is noteworthy that the most severe group (SBH grade
3-4) shows a large proportion of de novo mutations, while only
four patients had inherited mutations. In this group in which 38
different mutations were identified, one-third of mutations were
nonsense, frameshift or deletion, while the remaining were mis-
sense. In contrast, approximately half of the milder forms (SBH
grade 1-2) were due to inherited mutations (54.2%), the majority
found in symptomatic female carriers.

Secondly, none of the de novo SBH DCX mutations were re-
sponsible for LIS in sporadic males, except one splice mutation
(c.705+1G>A), suggesting that the severity and the impact of
these mutations on DCX are different. Nonsense mutations were
never associated with lissencephaly, except mosaic cases not
included in our statistical analyses. No major overall differences
were found in the distribution of the mutations according to
their location in either N-DC or C-DC, representing 25.3 and
30.3% of DCX mutations, respectively. This represents 28.9
versus 24.4% in de novo mutations in females, 21.1 versus
35.7% in de novo mutations in males, and 20 versus 40% in de
novo mutations in inherited cases. Of note, the higher percentage
of inherited cases with C-DC mutations increases further if recur-
rent mutations are included. Thus, C-DC mutations, in general,
appear quite prominent.

We next examined patients with SBH and recurring missense
mutations at either Arg186, Arg196, or Arg78. We observed
that these mutations are associated with distinct phenotypes.
The mutation Arg196 located on the surface of C-DC (Table 1)
was carried only in inherited cases (n = 6; Supplementary Table 2).
Moreover, the phenotype was milder in both genders, with fe-
males demonstrating either normal MRI and clinical presentation
(4/6) or thin SBH (2/6) with minor epilepsy. Affected boys
showed anterior pachygyria (LIS grade 4), ability to walk and par-
tial to complete seizure control. Conversely, three recurrent muta-
tions Arg186, Arg78 and Arg303 were found exclusively in
patients with SBH with de novo mutations. Arg186 mutations
(n=13) leading to three different substituted residues (p.R186C,
p.R186H and p.R186L) were clearly associated with a severe
phenotype, with thicker SBH (92.3%) and severe intellectual
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disability (83.3%), whatever the substituted residue. Because no
skewed inactivation was observed in lymphocyte DNA, this
phenotype is probably directly related to the importance of this
residue for C-DC stability. Other recurrent mutations on Arg303
(n=3) and Arg78 (n=3) were associated with heterogeneous
clinical and radiological presentations. In the case of Arg303X,
the different presentations may be related to skewed inactivation.
Arg78 is a surface residue and predicted to directly participate in
microtubule binding, phenotypic variability is likely therefore to be
explained by the different amino acid substitutions leading to vari-
able alterations of N-DC function. Thus, both the affected residue
and the substituted amino acid determine the severity of the
phenotype, with some mutations probably enabling more residual
protein function than others.

We performed a finer analysis of predicted effects of missense
mutations on N- or C-DC structure and function (Fig. 6 and
Table 1), taking into account local or global destabilization of
the domains. In males, we found that most of the missense mu-
tations in N- and C-DC leading to severe phenotypes are desta-
bilizing (6/8). Highly destabilizing mutations affect buried residues
(p.Y125H, p.L228R and p.V182F); less destabilizing mutations
affect either buried residues (p.D62N and p.F57Y) or surface resi-
dues where mutation is likely to influence the structure of the loop
they are found in (p.D241Y). In addition, one further surface mu-
tation is predicted to affect local interactions with microtubules
(p.Y64N), and one final mutation leading to a severe phenotype
in males (p.K193E) is on the surface but faces away from the
microtubule interface, and may affect interactions with other bind-
ing partners. In females, severe phenotype missense mutations are
also mainly destabilizing (p.R59H, p.R76P, p.V101L, p.L119P,
p.G122W, p.Y125D/H, p.S129L, p.V177G, p.P179L, p.R186C/
H/L, p.R192W, p.L198P, p.G223E, p.V236E and p.1250T). Of
these, four are predicted to be less destabilizing, but also to per-
turb the interaction with microtubules (p.R76P, p.V177G, p.P179L
and p.L198P). One further mutated residue is unlikely to be desta-
bilizing, but is predicted to perturb the interaction with microtu-
bules (p.R78C/L). Two further apparently less destabilizing
mutations that produce severe phenotypes are either unlikely to
be at the microtubule interface (p.V101L), or the interaction with
microtubules is less certain (p.S129L). Thus, the majority of severe
female missense mutations in N- and C-DC either destabilize the
domain or affect interactions with microtubules. Interestingly,
Arg59 in N-DC aligns with Arg186 in C-DC; both are destabilizing
and give rise to severe phenotypes. These residues are conserved
between the domains because they are most likely important for
folding of the DC domain. Of note, highly destabilizing mutations
in general give more severe phenotypes.

Moderate phenotypes in males are associated with either desta-
bilizing effects (p.D62E, p.R192W and p.D263G) or surface resi-
dues likely to interact with (p.S47N and p.R76S), or possibly
interacting with (p.R196C/H), microtubules. It is possible that mu-
tations of these latter residues only affect affinity but still allow
microtubule binding, which might explain the less severe pheno-
type. S47 is subject to phosphoregulation (Schaar et al., 2004),
but the p.S47N mutation also gives only a mild phenotype in a
female showing non-biased X-inactivation. p.D62E and p.R192W
are predicted to be highly destabilizing, and the explanation for a
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Figure 5 Representative T4-weighted (A, B and C) and T,-weighted (E, F and G) axial section of MRI in three males with DCX
mutations representing the most prominent LIS grade in this study. Anterior pachygyria (LIS grade 4) in a 2-year-old male (familial case)
(A and E). SBH with anterior pachygyria in a 5-year-old male (familial case) (B and F). Severe lissencephaly (LIS grade 2) more severe
anteriorly in a sporadic male aged 1 year 3 months (C and G). Control MRI: T,-weighted image (D) and T,-weighted image (H) in normal

18-month-old boy.

moderate and not severe phenotype is therefore not obvious.
Undetected mosaicism may be one possible explanation. Of the
mild phenotypes in males, one is a surface mutation not predicted
to interact with microtubules (p.K227N), two further are surface
mutations where interactions with microtubules are possible but
not certain (p.K134T and p.T203S), one is a residue in the inter-
domain linker (p.K174E), which might, however, also interact with
microtubules, and finally, one mutation of a surface residue with a
partially buried side chain (p.T1831) may be lightly destabilizing.
Thus, no highly destabilizing mutations are associated with mild
phenotypes in males, and residues clearly interacting with micro-
tubules are also less evident.

Finally, in females, milder mutations have a range of predicted
effects: the surface residues p.S47N (discussed earlier in the text),
p.R78H and p.R102C are predicted to interact with microtubules,
p.K134E and p.R196S/H may interact with microtubules; and
p.F243S probably does not interact with microtubules. One lightly
destabilizing mutation (p.D62N) and several highly destabilizing
(p.D62E, p.Y125H, p.V182F, p.R186H, p.R192W and p.1214T)
mutations also give milder phenotypes. It should be noted that
the X-inactivation status of the majority of these patients is not
known; however, p.R192W patients are known to have biased
inactivation. Finally, unaffected female carriers, for which X-inacti-
vation status was either non-biased or not known, had the fol-
lowing mutation types: surface and interacting with microtubules
(p.K174E but present in a linker), surface and possibly interacting

(p.R196C/H), surface and not interacting (p.K193E) and mildly
destabilizing (p.T1831). Of note, none of the unaffected female
carriers had highly destabilizing mutations.

Discussion

This study presents a mutation analysis in the largest cohort of
patients yet reported with sporadic SBH and lissencephaly, and
familial lissencephaly-SBH. Fourteen years after the discovery of
DCX, the aim of our analysis was to provide new insights into the
spectrum of phenotypes of patients with DCX mutations. We
investigated mutation position in the protein, taking into account
structural biological data, and compared this with detailed clinical
characterizations. Our study examined the clinical and brain MRI
characteristics of 136 individuals harbouring 87 de novo or in-
herited mutations in the DCX gene, of which 24 mutations are
described for the first time here.

The overall information that can be drawn from this study is
that (i) the range of CNS involvement is wider than originally
described, with a significant proportion of asymptomatic female
carriers found to carry DCX mutations when their affected son is
diagnosed with lissencephaly; (ii) the degree of neurological im-
pairment is related to the band heterotopia thickness and the
overlying cortical abnormalities; (iii) skewed X-inactivation plays
a role in explaining familial cases of DCX with ‘severe effect’
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Table 4 Comparison of male cases with DCX mutations according to severity

N. Bahi-Buisson et al.

LIS grade 1-2 LIS grade 3—4 LIS grade 5-6 P-value
(diffuse agyria)* (anterior agyria (SBH +/— pachygyria)
or pachygyria)®
Total 10 24 9
Age at last evaluation (median [rangel) 4 years [0.8-24] 12 years [2-37] 5 years [1.5-34] 0.28
Status <0.001
Inherited mutations (n=29) (%) 4/10 (40) 23/24 (95.8) 2/9 (22.2)
De novo mutations (n=14) (%) 6/10 (60) 1/24 (4.2) 7/9 (77.8)
DCX mutation type 0.06
Nonsense and deletion (n = 4) 1 de novo mutation 3 de novo mosaic
(1 patient) mutation (3 patient)
Missense N-DC (n =7) 4 de novo mutations 2 inh. mutations 1 de novo mutation
(4 patients) (4 patients, 2 families) (1 patient)
Missense C-DC (n=12) 4 de novo mutations 4 inh. and 1 de novo 1 inh and 2 de novo
(4 patients) mutations (9 patients, mutations (3 patients)
7 families)
Missense N terminal domain— 0 4 inh. and 1 de novo 1 patient
interdomain (n = 6) mutations (9 patients) (1 inh. mutation)
Unclassified (splicing defect n=1, 1 de novo mutation 1 de novo mutation
in-frame deletion n=1) (1 patient) (1 patient)
Disease onset (n = 42) 0.004
Prenatal diagnosis (%) 0 1 (4.2) 0
Developmental delay (%) 1(11.1) 15 (62.5) 1 (11.1)
Seizures (including West) (%) 8 (88.9) 8 (33.3) 8 (88.9)
Microcephaly (%) 8/10 (80) 6/24 (25) 1/9 (11.1) 0.002
Epilepsy (n =42) (%) 10/10 (100) 18/23 (78.3) 9/9 (100) 0.17
Seizure control 0.006
Refractory (%) 8/10 (80) 3/17 (17.6) 6/9 (66.7)
Partial drug resistance (%) 0 4/17 (23.5) 2/9 (22.2)
Seizure control (%) 2/10 (20) 10/17 (58.8) 179 (11.1)

*The number of the denominator indicates the number of patients in whom specific information was available.

NS = not significant; Inh. = inherited.

mutations, and other atypical situations; (iv) there are several hot
spot mutations in DCX, explaining collectively 34.5% of cases with
SBH, 38.7% of de novo mutations and 24% of inherited muta-
tions; (v) varying ratios of classes of mutations (missense in differ-
ent domains and linkers, nonsense and other) were identified in
the different categories of patients, which are also associated with
distinct mutations, and phenotype severity can often apparently
be correlated with genotype; and (vi) for a subset of mutated
surface residues, the substituted amino acid also appears to be
critical in determining phenotype severity.

Female patients with subcortical band
heterotopia: two distinct groups rather
than a continuum

With this large cohort, two groups of female patients with DCX
mutations clearly emerge: a milder phenotype mainly affecting
carrier females compared with a more severe presentation
usually observed in sporadic patients. The first group is character-
ized by either thin frontal bands or mostly normal MRIs. These
female carriers are usually diagnosed during their pregnancy or
when their affected sons are diagnosed with lissencephaly. The
majority of these female carriers (9/10) harbour de novo DCX
mutations. A few cases of mother-daughter transmission with
similar milder forms and non-biased X-inactivation suggest

the milder effect of these mutations on DCX function. The occur-
rence of familial SBH is lower than sporadic SBH cases, repre-
senting one-third of the population of females with DCX
mutation, but we cannot exclude that these patients are under-
diagnosed. At the other end of the spectrum, the more frequent
(66.7%) and severe presentation is characterized by thicker SBH,
combined with moderate to severe intellectual disability, behav-
ioural disturbances and epilepsy, which is often drug resistant. In
these cases, severe intellectual impairment, in turn, may cause a
reproductive disadvantage, increasing the likelihood for sporadic
occurrence.

Similarly, male patients with lissencephaly fall into two groups
according to the occurrence of DCX mutations, inherited or de
novo, although the difference is not as striking as for females.
Males with lissencephaly and de novo mutations are either more
severely affected, with a large proportion exhibiting diffuse agyria
(more than half in our series), or show a milder SBH phenotype
with or without pachygyria (in one-third of patients) and are likely
to be mosaics. Thus, males with de novo mutations are more se-
verely affected than those with inherited mutations, and are cor-
related with the involvement of more ‘severe effect’ mutations
(Tables 2 and 4). In contrast, patients with lissencephaly and in-
herited mutations consistently demonstrate a more moderate
phenotype, with anterior agyria (LIS grade 3) or pachygyria (LIS
grade 4) in the majority of patients (here, 79.3% of patients).
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Figure 6 Localization of surface residues mutated in DCX in SBH and their relationship with the microtubule interface. (A) Structure of the
DCX-microtubule interface [cryo-electron microscopy reconstruction displayed as a transparent surface, tubulin in purple, DCX in yellow;
EMDB ID 1788 (Kim et al., 2003; Fourniol et al., 2010)] docked with the pseudo-atomic structure of the N-DC-microtubule interface
[ribbons, a-tubulin in blue, B-tubulin in cyan, N-DC in orange; PDB ID 2XRP (Kim et al., 2003; Fourniol et al., 2010)]. Left: front view; top
right: view from the microtubule plus end; bottom right: view from the centre of the microtubule outwards. N-DC surface residues subject
to missense mutations are displayed as spheres, coloured in green for cases with absence of cortex malformations (R102, K134), grey for
mild/moderate phenotypes (S47), and orange for severe cases (R59, Y64, R76, R78, S129). Note that when a mutation resulted in more or
less severe SBH in different patients, the most severe phenotype was considered in this figure. (B) Same as in A but docked with a
homology model of C-DC (ribbons, brown). Green spheres: surface residue, the mutation of which resulted in an absence of phenotype
(K193; however, X-inactivation status for the individual with this mutation is not available, and this residue results in a severe phenotype in
a male with lissencephaly); grey spheres: surface residues the mutation of which caused milder SBH (K174, T183, R196, T203, K227, F243
and D263); orange: severe SBH cases (V177, P179, R186, R192, L198 and D241). Of note, milder-effect mutations apparently appear

more frequently in C-DC than in N-DC.

The band thickness determines the
neurological phenotype in female
patients with DCX mutations

Previous work, which did not involve genetic analysis, has under-
lined the importance of band thickness in the outcome of patients
with SBH in a series not studied at the genetic level (Palmini et al.,
1991; Barkovich et al., 1994). Following this seminal work, genetic
data have thus far contributed to the identification of three SBH
genes: (i) DCX that accounts for 100% of familial cases, and 53 to
80% of sporadic cases; (ii) mosaic mutations of LIS7 (Sicca et al.,
2003); and (i) mutations in TUBATA (Poirier et al., 2007) ac-
counting for some further rare cases. Here, with a large cohort

of 136 patients with confirmed DCX mutations and detailed clin-
ical and radiological data, we confirm the predictive value of band
thickness. According to previous data, four categories were
defined, from the mildest (grade 1), characterized by a thin
band restricted to the frontal lobes, to the most severe (grade
4), characterized by a thick and complete band around the
entire cerebrum, the thinnest part being in the temporal and oc-
cipital lobes. Although this segmentation represents an interesting
predictive tool in late childhood and adulthood, our data demon-
strate that in young patients, band thickness is difficult to deter-
mine. Here, 12 sporadic patients aged <2 years had T,-weighted
images close to the lissencephaly pattern, while T, images showed
the heterotopic band. This change in cortical thickness according
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to age is reminiscent of the changing aspect described in polymi-
crogyria (Takanashi and Barkovich, 2003). Although serial images
were not performed in these patients, this pattern does not seem
to represent a difference in morphology but rather changes in the
maturity of the cortex and underlying white matter. In clinical
practice, the distinction of two categories is convenient. Thicker
SBH (>8mm) is the most frequent presentation of SBH (61.4% in
accordance with the Barkovich series, 62.9%) (Barkovich et al.,
1994) and more specifically in sporadic patients (81.9%). Thicker
bands are more frequently associated with frontal pachygyria, with
shallow to very shallow sulci, moderate to severe ventricular en-
largement and prominent perivascular spaces in subcortical or peri-
ventricular regions, when compared with patients with thin SBH
(<8mm). This suggests that the neuronal arrest that leads to the
formation of the band is also likely to impair the development of
cortical gyri and cerebral white matter. This has previously been
suggested in periventricular heterotopia (Hannan et al., 1999;
Ferland et al., 2009) and in SBH animal models (Ackman et al.,
2009; Croquelois et al., 2009). Thicker bands lead to more severe
intellectual impairment, and more behavioural disturbances and
are also responsible for polymorphic epileptic seizures, usually of
the Lennox-Gastaut syndrome type, with earlier age of onset and
showing more resistance to anti-epileptic drugs.

In lissencephaly, our previous study found that the majority of
male patients with DCX mutations displayed either a LIS grade 3
or 4 (i.e. anterior agyria or pachygyria). Similar to SBH, the sever-
ity of neurological impairment in lissencephaly is determined by
the degree of agyria (Dobyns et al., 1992). Here with a larger
cohort, our data reinforce these results, with 53.5% patients
showing LIS grade 3 or 4. More importantly, our present results
confirm previous data, suggesting that the LIS grade is less severe
in inherited DCX mutations compared with those with de novo
mutations (Leger et al., 2008). This suggests that de novo muta-
tions may have a more severe effect on DCX function.

Little is known about the connectivity and function of hetero-
topic neurons. Although the band has a disorganized disposition
of pyramidal cells, there is evidence that connectivity within the
band, and with normal cortical or subcortical neurons, is main-
tained (Palmini et al., 1991). The functional role of this double
cortex has not yet been completely clarified even if functional
MRI, PET and diffusion tensor imaging have contributed in part
to understanding the neurophysiology. By depth electrode record-
ings, nerve cells within the SBH have been shown to exhibit
epileptiform activity similar to and synchronous with those
observed in the overlying cortex (De Volder et al., 1994,
Pinard et al., 2000; Spreer et al., 2001). Electrophysiological
data with electrocorticography—functional MRI (Tyvaert et al.,
2008) and an SBH rat model (Ackman et al., 2009; Lapray
et al., 2010) show that both heterotopia and the overlying
cortex contribute to epileptic manifestations. Hence, major alter-
ations not only affect the neurons that fail to migrate but also
their programmed target areas. Altogether, these data suggest
that despite integration of the heterotopia into networks, the
more severe clinical phenotypes associated with thicker bands
lead to appreciable abnormal functioning of either the lesion or
the overlying cortex, or both.

N. Bahi-Buisson et al.

Proposed mechanisms for phenotypic
heterogeneity in subcortical band
heterotopia

In SBH, one population of neurons forms a relatively normal
cortex, whereas a second population apparently arrests during mi-
gration leading to a collection of neurons beneath the cortex.
Because SBH is predominantly an X-linked disorder, the phenotype
of females is thought to result from a mosaic state due to X-
inactivation in which neurons express either a normal or a
mutant copy of DCX. Previous data suggest that somatic mosai-
cism can produce the same result (Gleeson et al., 2000; Aigner
et al., 2003). A third possibility might be the influence of milder
mutations.

Some previous studies suggest that skewed X-inactivation does
not significantly contribute to the SBH phenotype (Demelas et al.,
2001; Matsumoto et al., 2001). Here, we found a significant pro-
portion of skewed X-inactivation cases in carrier females (37.5%)
in accordance with results from one smaller series (Guerrini et al.,
2003). In contrast, skewed X-inactivation is rarer (14.7%) in SBH
cases with de novo DCX mutations. This suggests that a biased
inactivation may partially account for phenotypic variability at least
for familial cases. In support of this, skewed X-inactivation may
explain phenotypic heterogeneity between familial and sporadic
patients with the same mutations. This situation was found in
mildly symptomatic female carriers with biased inactivation and
two more severely affected sporadic patients, all carrying the
same mutation, p.R192W. Analogously for the only nonsense mu-
tation p.R272X found in familial and sporadic cases, skewed X-
inactivation found in the carrier female is likely to explain her
milder phenotype, while others have reported thick heterotopic
bands with balanced X-inactivation (Gleeson et al., 1998:
Matsumoto et al., 2001). Of note, this observation of the same
mutation in both de novo and inherited cases is extremely rare in
the literature and in our series. Also it is noteworthy that variable
degrees of X-inactivation were observed in similarly affected pa-
tients with recurrent mutations (i.e. p.R196H and p.D9N), sug-
gesting that other mechanisms may account for these less
severe presentations, including a milder effect of these mutations
on protein function. Altogether, these results suggest that al-
though skewing of X-inactivation may play a significant role in
phenotypic heterogeneity, it ultimately is not demonstrated in all
cases.

Somatic and germline mosaicisms associated with phenotypic
heterogeneity in SBH were previously found in 10% of unaffected
mothers whose children presented with either SBH or lissencephaly
(Gleeson et al., 2000b; Aigner et al., 2003). Several authors sug-
gest that there may be a critical percentage of mosaicism in per-
ipheral blood that is associated with phenotypic features of SBH
(Gleeson et al., 2000b; Kato et al., 2001; Poolos et al., 2002).
With <30% mosaicism, patients are clinically unaffected, whereas
those with >30% mosaicism are symptomatic with SBH. In our
cohort, mosaicism of <30% was found in three males with de
novo nonsense mutations and an exonic deletion of DCX. This
naturally leads to milder phenotypes with SBH in all three cases.
Intriguingly, mosaic mutations were suspected but not
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demonstrated in blood lymphocytes of several familial cases (here,
Families 25 and 11) in which both mothers were clearly asymp-
tomatic, had one of two children including females, with a severe
phenotype, i.e. SBH grade 4. The possibility of somatic mosaicism
in neural cells in these cases cannot be ruled out.

DCX mutations: is there a genotype-
phenotype correlation for lissencephaly
and subcortical band heterotopia?

To better understand the pathophysiological basis for the dichot-
omy between patients with de novo DCX mutations and inherited
mutations, and to provide further proof of the phenotypic effect
of the mutations, we analysed mutation type and location and
searched for genotype—phenotype correlations. Our data clearly
show that a correlation does exist in these DCX-related conditions,
in both SBH and lissencephaly. This is supported by the similar
phenotypes associated with recurrent mutations. For example,
the most frequent substitution of the C-DC surface residue
Arg196 (24% of inherited DCX mutations) is consistently asso-
ciated with less severe SBH, either poorly symptomatic or asymp-
tomatic female carriers, or in affected males with lissencephaly
with a milder presentation. This recurrent mutation was never
previously reported to be a hot spot, reflecting probably different
ethnic origins of our population and those previously reported.
Other recurrent mutations are strongly associated with severe
SBH. Of these, the substitutions of Arg186, accounting for
20.9% of de novo DCX mutations in our series, invariably result
in severe forms. Interestingly, structural predictions suggest that
this residue is crucial for the stability of C-DC, with mutations at
Arg59 in N-DC having a similar effect.

On the other hand, some missense mutations of the same resi-
due (e.g. p.R78L/H/C) have variable consequences. R78 is pre-
dicted to be in a loop of N-DC that participates in microtubule
binding. In this case, it is likely that the severity of the phenotype
is related to the substituted residue. The mutation p.R78H, asso-
ciated with a milder phenotype, is predicted to have less of an
effect on the charge of the side chain that contacts tubulin,
whereas the substitutions p.R78L and p.R78C, associated with
more severe phenotypes, are likely to more strongly impair the
interaction with microtubules.

While nonsense mutations are spread throughout the DCX
gene, missense mutations are clustered in N-DC and C-DC, sup-
porting the significance of these two domains for DCX function.
However, the variable severity among patients with SBH was not
correlated with a particular distribution of mutations in either the
N-DC or C-DC domains. By separating mutations according to
their predicted consequences on DCX structure or ability to bind
microtubules, we found that highly destabilizing mutations, in
general, tend to give more severe phenotypes. It is noteworthy
that this type of mutation is observed less frequently in males,
further reinforcing their potential detrimental consequences on
DCX. Thus, structural data provide insights to predict phenotype
severity. Moreover, some severe surface mutations in females
(p.R78C/L) and in males (p.Y64N), which do not destabilize the
protein, are predicted to be in direct contact with microtubules,
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and presumably lead to a critical loss of function. On the other
hand, other mutations potentially affecting microtubule interaction
led to less severe effects (p.S47N, p.R76S, p.R78H, p.R102C,
p.-K134E and p.R196C/S/H), perhaps only reducing affinity of
interaction due to their position or the substituted residue. Other
residues facing away from the microtubule interface (e.g.
p.-K193E) presumably are important for other partner interactions.
Clinical data thus also contribute to the identification of such resi-
dues and the fine analysis of DCX's function.

Concerning different types of DCX mutations, it is noteworthy
that only 5 of 93 females with SBH were found to carry an intra-
genic deletion or duplication of the DCX gene. This result contrasts
with previous results (Mei et al. 2007; Haverfield et al. 2009),
describing the presence of DCX intragenic deletions/duplications
in about one-third of their patients with SBH, and we currently do
not have explanations for this difference.

Both N-DC and C-DC play a major role
in the function of DCX

Although most structural studies to date have focused on the
N-DC domain (Kim et al., 2003; Fourniol et al., 2010), our ana-
lyses reinforce the idea that both DC domains are important for
the full functionality of DCX (Horesh et al., 1999; Taylor et al.,
2000). For the purposes of our current analysis, we assumed that
N-DC and C-DC make equivalent contacts with microtubules, al-
though since C-DC can bind tubulin heterodimers (Taylor et al.,
2000; Kim et al., 2003) as well as microtubules and other partners,
it may play additional roles to N-DC. Individual mutations occur in
N- and C-DC with similar frequencies, although recurrent muta-
tions increase the overall number in C-DC. Thus, the C-DC
domain is clearly essential for microtubule-related and other func-
tions of DCX. Further correlations of structural predictions of
mutations with phenotype in the future will continue to help elu-
cidate the functions of DCX.

Conclusion

Taken as a whole, these observations demonstrate that DCX-
related disorders represent a clinically heterogeneous syndrome.
In females with SBH, two groups clearly emerge, with a milder
form mainly affecting carrier females that are potentially under-
diagnosed and a more severe and frequent presentation usually
observed in sporadic patients. Hot spot mutations are more preva-
lent than previously reported. Radiological and clinical data com-
bined with structural data point to the fact that it is possible to
make genotype—phenotype correlations taking into account X-in-
activation status, the residue affected by the mutation, the likeli-
hood of the mutation to destabilize the protein, and in the case of
surface residues, the substituting amino acid.
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